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INTRODUCTION

Biomass is a solid fuel with a high content (approx. 80%} of volatile matter

of the material introduced 1into any thermal conversion device is the most
significant process occurring on a mass basis. From the viewpoint of reactor
design, it would be convenient to have closed form expressions for the rate of
pyrolysis of large particles of cellulosic materials suitable for the convec-
tive-heat-transfer environment of the packed or fluidized bed reactor.

The state of knowledge of the fundamental aspects of the pyrolysis "reac-
tion" 1is advancing rapidly through kinetic studies on small, finely-divided
samples in which physical transport considerations are minimized. The Arrhenius
rate expressions resulting from these studies are reflective, it is hoped, of the
intrinsic chemical reaction rates of pyrolysis processes. The high cost of
comminution of feedstock to small mesh sizes however, dictates against the large
scale conversion of biomass in this form. Thermal conversion of cellulosic mate-
rials in packed or fluidized beds will most likely be accomplished with particle
sizes in the range of one to eight cm. With dimensions of that magnitude, the
relative rates of chemical and transport processes must be considered.

An indication of the disparity in chemical versus heat transfer rates is
afforded by the observation of "advancing front" behavior in the pyrolysis of
cylindrical samples of biomass ma’;eria]s (Blackshear, Murty, 1966). The low
thermal conductivity and high reactivity of biomass result in a narrow, advan-
cing, reacting zone of pyrolysis. The sharply peaked reaction rate profile
results from the depletion of VM in the char and a low temperature level in the
virgin solid. The validity of this reaction rate profile is supported by

experimental density and temperature profiles. If the reaction rate was slower,
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the density profile would be less sharply stepped. The acceleration of the heat
transfer rate in the virgin solid would likewise result in a more gradual
transition.

Several pyrolysis models have been proposed (Bamford (1946), Roberts (1963),
Blackshear (1966), Maa (1973), Lee (1982)) in order to faithfully reproduce the
detailed pyrolysis behavior of large samples of cellulosic materials. These
usually involve the solution of coupled partial differential equations (PDE's)
representing mass, energy, and momentum balances. These models may be classified
into two general categories. Volumetric models (Fan, 1978) are the most sophisti-
cated and complex. The rate of decomposition is calculated at the local tempera-
ture throughout the solid. Shrinking core models (Maa, 1973) take the advancing
front behavior to the limit of an infinitesimally thin reaction zone. In the
former case, the reaction is a source term in the conservation equations while in
the latter case, the reaction rate appears as a boundary condition. The
continuing effort to describe ever more accurately the complicated phenomena of
pyrolysis will doubtless give rise to more complex models.

The complexity of the single-particle model used to describe the pyrolysis
process will be augmented however, when this model is integrated into the simu-
lation of a gasification reactor. Thus it is our goal to move in the direction of
simpler, albeit less precise, models of macro-particle pyrolysis. Consider the
computational burden involved in the simulation of a packed-bed reactor. The
conservation equations for the bed require an iterative solution because of split
boundary conditions. (For example, solid temperature at one terminus, and gas
temperature at the other.) For each iteration of the equations for the bed, many
evaluations of the reaction rate for the particle must be made. If the evaluation
of this rate at each point requires a finite-difference solution of a set of

coupled PDE's for the particle, then the calculation time becomes excessive.
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The model considered below may be called kinetics-free in that no explicit

consideration is given to the rate of pyrolysis. The controlling influence on the

rate of decomposition is the heat transfer rate. The progress of the pyrolysis is

followed by the rate of advance of a sharp boundary defined as the locus of

points at a fixed pyrolysis temperature, Tp' The resulting model is similar in

many respects to a phase change problem. In fact, the process may be considered

as a change in phase from onz solid form (wood) to another (char).

We have been investigating the suitability of such a model in decribing the

pyrolysis of 0.5 to 2.5 cm cylindrical samples of natural and densified wood. The

objectives of the work are:

Develop the proper forms of the relevant equations of change; select an
appropriate set of dimensionless variables.

Develop efficient numerical schemes to integrate the coupied partiai-dif-
ferential equations and to generate temperature profiles and rate vs time
curves.

Determine if the model can even crudely reproduce experimental temperature
profiles and pyrolysis times without extensive curve fitting. That 1is, by
selecting realistic values of physical parameters, can an a priori calcula-
tion produce feasible results.

Perform a sensitivity analysis to determine which parameters have the great-
est influence on the rate of advance of the pyrolysis front.

Determine to what extent the model is capable of faithfully reproducing the

details of pyrolysis phenomena even if some parameters must be curve-fitted.
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THE PHENOMENA OF PYROLYSIS

Before considering the development of the phase-change model of pyrolysis,
it is worthwhile to 1ist some of the more important processes occurring in pyrol-
ysis in order to assess their relevance to any simulation.

Reaction: The primary events of pyrolysis are being intensively studied and it is
clear that considering pyrolysis as a single reaction with a fixed product slate
is a gross oversimplification. The classification of species as primary and
secondary products is far from complete. The expertise to predict in detail even
the overall ("final") products of the process is not available. It is not even
possible to predict 1in advance for any feed the precise char yield under
different heating rates. It is therefore entirely reasonable to represent
pyrolysis crudely as

wood = ¢ char + b volatiles

Heat of Reaction: Thermodynamic arguments indicate quite clearly that the overall
pyrolysis process 1is exothermic. TGA studies support this contention. There is
some doubt however concerning the amount of char produced by primary and sec-
ondary events. The exothermicity is directly proportional to char production. It
could be possible for example to have an endothermic primary reaction producing
some char and mostly reduced gases such as CO, followed by an exothermic
conversion to CO2 and more carbon at a different location. Since the heat of
pyrolysis depends on the spectrum of products, and the spectrum of products
depends strongly on the conditions imposed to cause pyrolysis, it is not
unreasonable to assume that the primary decomposition is endothermic. Indeed,
when carried out under inert atmospheres, some differential scanning calorimetry

studies have indicated that this is the case (Muhlenkamp (1975)).
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Figure 1: Pyrolysis Scheme of a Single Particle Under the
Boundary Condition of First Kind
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Reaction Rate: The possibility of representing the rate of decomposition of a
mixture of linear polysaccharides and a cross-linked phenylpropane polymer with a
single Arrhenius rate expression appears remote. At best it seems likely that a
distribution of activation energies would be required. It is assumed below that
the rate of decomposition is fast relative to the rate of heat transfer necessary
to sustain the pyrolysis.

Geometry: Some shrinkage does occur during pyrolysis as evidenced by checking and
pitting of char layers. But this effect will be ignored and constant diameter
assumed. Of more importance is the porosity of chars and the resulting effects on
density and resistance to gas flow. In this work, the porosity is assumed
sufficiently great that the hydrodynamics of gas flow can be ignored. A cylin-
drical particle geometry has been used in this study.

Gas Flow: A unidirectional, outward flow of non-condensible gases must occur
during pyrolysis. But condensible species such as water may be forced inward and
result in a net flow towards the cooler, inner region of the cylinder. Water
condensing in the layers immediately adjacent to the pyrolysis zone has been
proposed by some investigators to explain the delay in the development of the
inner temperature profile of samples of pressed cellulose. This inward flow of
condensibles has not as yet been considered in the development of the
phase-change model but could crudely be accommodated by using a higher effective
heat capacity for the unpyrolyzed solid. A better approximation could be made by
considering two "phase" changes: in effect, a drying wave and a pyrolysis wave

passing through the sample.
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THE PHASE CHANGE MODEL OF PYROLYSIS

The simulation of pyrolysis proposed here seeks to avoid the mathematical
complexity of the volumetric model as well as the pre-selection of the pyrolysis
rate inherent in the steady-state, moving-boundary approach. Maa (1973), for
example, uses a kinetic expression for the rate of pyrolysis, but fixes the
temperature at which it is evaluated, resulting in a steady state. The pseudo
steady-state is probably a reasonable assumption for a large piece of wood (a log
or beam) but is probably not valid for a one-cm particle.

To proceed, we make the following assumptions:

1. The pyrolysis reaction may be considered simply as:
Feed = b Gas + c Char
Here “Gas” refers to all volatile products, and "char" to the completely
"devolatilized solid. The reaction occurs instantaneously when the solid is
raised to a fixed temperature, Tp.
2, Heat is conducted through the char layer to a surface separating char and
unpyrolyzed solid. This surface is defined as the locus of points at T = Tp.
At this surface, the temperature is continuous, but a jump occurs in the temp-
erature gradient, the magnitude of which is determined by the heat of pyrol-
ysis and the thermal properties of the two solids.
3. The temperature of escaping volatiles is always equal to the local char temp-

erature, Tc.
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Although not necessary, the following assumptions have been made for convenience
in this initial development:
4, Thermal properties (heat capacity, conductivity) and density are assumed con-
stant at an effective or average value.
5. Cylindrical geometry.
6. Specified surface temperature (B.C. of 1st kind).
The mathematical formulation of the model is derived from the equation of

change for energy. In the char layer

2
(}’c ch)+3—-(k u)=0

//z Pg Te e

The third term is the convective flux of gas. A mass balance at any radial loca-

tion yields an expression for the gas flux.
r dr
=-b
/P /‘L r dt

where rp is the location of the advancing front. Ordinary conduction occurs in
the fresh solid region. (Hereafter referred to as wood.) The system of equations

to be solved in each region in cylindrical geometry are

2
T T T d T
ey (3L, 13 +bf;irg_fe%
dt ¢ 2 rar }c pc ' dt dr

r

r.&<r¢r t>»0

p 0
With no gas flux in the core:
Oty o [T, BT
Dt w r 5 Oer ¢:rp t»0
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w i
BC: (1) T. =T, r=r, t>0
(2) Tc=Tw=Tp r=ry t»o0
oT, 2T, dry

(3) kwa_r—- CaT-/wuH) = rer, t>0

. T
(4)3..".’:0 r=0 t>0

r

The system of equations is non-linear because of the convective term as well
as the third boundary condition (Carslaw, Jaeger, 1959). It is of the same form
as a simple phase change problem, with the exception of the convective term.
Exact solutions on infinite domains are available (Stefan, 1891; Ockendon and
Hodgkins, 1975). Comparable problems on finite geometries are usually solved
numerically. Extensive bibliographies are available (Selim, Roberts, 1981;
Wilson, et. al., 1978). The numerical procedure developed by Roberts (1981) is
used here. This procedure is facilitated by the introduction of the following

dimensionless parameters:

-1 - _ 2
R=1-r/r, T =X, t/r,
k\NT - T T -1
U:(._C__C_P. y=X¥_29
ke Tp = Ty - T,
k T.-T -

Ts*=_c' > P T.*=T1 ! = -1

- 1 -

ky Tp Ty Tp T
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X* = A,

c
B=1+b_‘"J';9_(Rp-1)

/)c cpc

Al

The dimensionless form of the system of equations 1s

v Yu, 8
2T g2 R - 18R
av. 1 v, 1 3y
P “*ARZ R - 1dR
Ic v=-1
BC U= TS*

U=V=0
R fav _2u\ 1
dT 3R aR/AH
V.,
2R

Finite Difference Formulation

Xe _ AH

Ky CoulTp = T4

0<R<Rp T>0
Ry< Rl 7> 0
0<R <1 7 =0
R=0 750
R =R >0

p
R=R 7>0

p
R=1 TI»0

(1)

(2)

(3)

(4)

(5)

(6)

(7)

The finite difference form of the numerical algorithm requires a finite,

non-zero value of Rp. If a fixed surface temperature is imposed with TS >T

p’

then the Stefan analytical solution is used to obtain a starting position of the

pyrolysis front. A standard explicit finite difference scheme is used to advance

through the first time
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temperatures at a previous time) is used for all subsequent time steps. If a time

dependent surface temperature, beginning with TS < Tp is imposed, then the
numerical integration of the straight-forward conduction problem with no
pyrolysis front 1is implemented until the temperature at a finite value of R
reaches Tp’ at which time the Dufort Frankel scheme with a moving boundary is
begun. Temperatures at points adjacent to either terminus R = 0 or R = 1, or the
moving boundary are calculated with the usual approximations. The details are
presented below.

In order to approximate the solution of the parabolic partial differential
equations, (1) and (2), a network of grid points with equal size in the
R-direction and equal size in the time step is established throughout the region
0<¢R<1, 0¢T.

A DuFort-Frankel scheme (Carnahan, 1969) was chosen to obtain a finite dif-
ference solution to the parabolic partial differential equations. Adequate ac-
curacy was obtained with 21 grid points and At/(AR)z < 0.5,

The DuFort-Frankel Scheme requires data from two previous time levels. The
standard explicit scheme is used as a starting method to provide the required
data. Egs. (1) and (2) expressed in the standard explicit scheme (see Figure 2)

are given by

Uit " Yag  Yeng T B Y,
AT 2
(aR)
B Wi, ~ Ya,j

i=1,2,...,M1 (8)
(iaR - 1) 24R
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(Verr o= Vi o)
! 41,5 3ol 1= Me2,Me3,. .. N- (9)

(iar - 1) 28R

and M indicates the nearest grid point to the Teft of the pyrolyzing front (see
Figure 3}. These two equations are rearranged and solved for the unknown terms

Ui,j+1 and Vi,j+1 to give:

o .8
Ui, g1 = (- 20005 5+ 200 T Mgt
2(i - —)
R
(1+ —8 §s1,2,...,M-1 (10)
i+1,3 28ares
201 - =)
2 A 1
V. = (1 -2y, L+ 2 (- W 4 .+
i,j+1 i, i-1,3
o> ®* 2(i - L
AR
1 .
0 +__]_)v1.+]’j i= Me2,M43,...,N-1 ()
2(f - —)
AR

where ) = AT R)2,

Expressed in the DuFort-Frankel Scheme, Equations (1), (2) become

Ui T g Yi1,5 T g T Y Y,
2 &T (aR)?2
8 Wiy~ Ui,y $ o2 w1
(iaR - 1) 2R B (12)
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ig0 " Vi 1 Vieng T Vi T Vg tYiagg
28T W* (AR)Z
(v, . - V. .)
! 41,5 -1, i= ML,M2, LN (13)
(iaR ~ 1) 2R
Equations (12) and (13) are rearranged and solved for the unknown terms Uy j+1°
vi,j+] to give
1 -2 22 B
Uy 2,9 5 ——2 U, . 4, + (- YU, .
i,j+1 i,j-1 i-1,3 +
T N P
AR
1 i -
(1 + ] )U'i+1,j i=1,2,...,M1 (14)
2( - =)
AR
1-2) 2)
Vi = 2 gt B L it
1+ .2_) 1+ 1) 2(i - ]_)
w* o* AR
1 s o (15)
(1 + ] )V1.+]’J. i=Me1,Me2,...,N

The singularity of Equation (2) at R = 1 is prevented by using L'Hopital's
rule to yield

ov 2 %
=) DL*aRz

2V R=1 9>0 (16)

This equation written in the standard explicit form is given by

v -V,

i,j+1 i, 2

2 (
AT X*

Yi-1,3 " Piyg t Viag

R)?

)

(17}
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and in the Dufort-Frankel Scheme by

Voo s
B 5=N (8

Y0 " Ve o2 Wy T Vi Vit !
24T R* (AR)Z

Equation (7) can be written in finite-difference form using a central dif-

ference approximation to give

1,5 " VN1,

28R

0.

Combined with Equation (18) this yields an expression

sionless temperature

= D) 4
URREIGEE LY +6f% V-1 R
in the standard explicit form and
1- 4> 82
“'1' 3
N, g41 ° a N, 3-1 L0 N-1.4 R
+ +
x x

in the DuFort-Frankel Scheme.

Grid Points M, M+]

for the center-line dimen-

=1 (19)

=1 (20)

The temperatures at grid points immediately adjacent to the pyrolyzing front

(grid points M and M+l in Figure 3) cannot be calculated by Equations (10)-(11)

and (14)-(15). Instead, a three-point Lagrangian interpolation is used to deter-

mine these unknown temperatures.

- 25
U, ;: = ——mm— U Lt —2 U .
MJ ek 48y MBI ey M1
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_2(8R -8) LR -8 i = M+ (22)

e, M43, §

(2R -4 ) MBI (3 +4)
Where
= Ry - Ry =R - MR

Grid Points M = 1,2

When the pyrolyzing front is located within the first grid space, Equation
(21} is not required, since the boundary value Uo,j is already known.

If the pyrolyzing front is located within the second grid space, Equation
(21) cannot be used because the required three points are not available. By as-
suming that the temperature profile within the char layer is quadratic in R, the

derivatives U/ t, U/ R, 2U/ R2 in equation (1) can be approximated to yield.

Up,e1 ~ U

20t 2 2 B 5
= u - =L - ( X} )]
AT SRR +8) 1Y ARs) YD AR -1 aRR +4) ot
- @R-dyy (23)

which can be solved for ”z,m

Advancing the Pyrolysis Front

Euler's method (Carnahan, 1969) is used to solve the energy balance across
the pyrolyzing surface, Eq. 9. The march of the pyrolysis front is computed from

the following finite difference form of Eq. 9.

Rpl - R4 = AR = LT QU Q!J‘
T=Tsat 7 a* 2R 2R1L R=R,
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The temperature gradients are approximeted by differentiation of the three-point

Lagrangian interpolation formulas, Equations (21) and (22), to give

U GRes) L (2R (24)
3R gy T TSR W2 TGRSR WS
2V _ (R -1) (28R -5 )

M3, J (25)

W2, 3
2Rak (2% - R (3R -5IAR

When the pyrolyzing front is within the first grid space, two point inter-
polation formulas are used to approximate the temperature gradient in the char

layer.

oy U1.5 (26)

2R = -
=R
R=Rp

When the pyrolyzing front is located within the second grid space, a quadratic
polynomial is used to approximate the temperature gradient in the char layer. The

gradient at the pyrolyzing front is

W .=y R (27)
DRpp  sRGR+5) I ar@) 2
P

Since the temperature of the unreacted core is so close to the pyrolysis
temperature when the pyrolyzing front moves into the last two grid spaces, a two
point interpolation formula is used to approximate the temperature gradient in
the wood layer. The temperature of the unreacted core is taken equal to the
pyrolysis temperature and the temperature gradient in the wood layer at R = R

p
becomes equal to zero thereafter.
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Since the advance of the front during the last time step may place it beyond
R = 1, a three point Lagrangian interpolation formula is used to find the time

required for complete the pyrolysis.

_ (1 - R - Ry3) < . (1- Ry - R3) c,
P (Ryy - Rpp)(Rpy = Ryg) (Rpp = Ry MR, - Rpa)
) (1- RO - RH) ,

(Ryg - Ry (Ryg - Roy)

Where Rp], sz, Rp3 = the last three computed Rp values.
Ty Tps 3 = the three times corresponding to the above values.

SENSITIVITY STUDY

Using the numerical procedures described above, temperature profiles at
various times were generated. Sample profiles are illustrated in figure 4. The
time required for the pyrolysis front to reach the centerline of the cylinder was
defined as tpyr'

The effect of each model parameter on the time required for complete pyrol-
ysis was studied in order to determine its relative importance. A base case was
constructed by selecting average values for the parameters (as listed in Table 1)
and calculating the pyrolysis time. Values of tpyr were then determined for
several cases in which each parameter was varied individually. Sensitivity was
defined as Atpyr/Ap. where Ap is the change in the value of the parameter studied
from its base value. A negative sensitivity indicates increasing p will decrease
thT'

The results of the sensitivity study are summarized in Table 2 and 11lus-

trated in Figure 5.
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Table 1

Typical Values of Model Parameters Used in Sensitivity Study

/Pw = 1230.0
Le =/’w“'b)
pr = 1318.0
Cpc = 991.6
kw = 0.2000
ko = 0.20
o = 0.01
TS = 700.0
Tp = 350.0
Ti = 25.0
b=0.7
AH = 368200
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Kg/M3

Joule/Kg
Joule/Kg
Joule/M-Sec-K

Joule/M-Sec-K

Joule/kg of wood




Table 2

Relative Importance of Model Parameters for a Particle 2 cm in Diameter

Parameter

AH

pw

P9

pc

Sensitivity
Range

1.5 -- 3.0
-38.1 -- -0.73
-1.73 -~ -0.46
1.0

-0.66 -- -1.54
0.5 -- 0.47
0.28 -- 0.30
-0.14 -- -0.07
0.14 -- 0.13
0.07 -- 0.06
-0.012 -- - 0.027

-0.0144 -- -0.015
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Parameter
Range
Studied

0.5 - 2.0 cm

360 - 1050 C

0.1 - 0.4
Joule/M-Sec-K

615 - 2460
(Kg/M®)
175 - 525 ¢

184100 - 763640
Joule/Kg

659 - 2636
Joule/Kg-K

0.1 - 0.4
Joule/M-Sec-K

600 - 2400
Joule/Kg-K

495.8 - 1983.2
Joule/Kg-K

0.3 -0.9

0-300¢C

Relative
Importance

1
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Particle Size and Density (ro’/’w)

As expected, the pyrolysis time varied approximately quadratically with r
(cylindrical geometry) and linearly with/ow indicating that for the size range

studied, tpyr is proportional to the mass of the sample.

Characteristic Temperatures (TS, T Ti)

p:

For a particle 2 cm diameter, the imposed surface temperature has the
greatest effect of all parameters in the determining pyrolysis time. When TS is
525, 700, 875°C, the corresponding pyrolysis times are 8.8, 5.6, and 4.3 minutes.
The pyrolysis temperature has a moderate influence on t when varied over a

pyr
physically meaningful range. When Tp is varied from 263 to 350°C, tpyr increases
from 4.5 to 5.6 minutes. The initial temperature, Ti’ has a negligible effect.
The sensitivities of these parameters are illustrated in Figure 5. Plots of front
position vs. time for a wide range of the parameters Ts’ Tp, and T1 appear in

Figures 6, 7, and 8.

Thermal Conductivities (kc’ kw)

Due to the nature of the model, the thermal conductivity of the char is the
most sensitive of all the physical properties considered. The thermal conduc-
tivity of the virgin solid however, has a negligible influence on the time re-
quired for complete pyrolysis. The comparison is best illustrated by the front
position vs. time plots when the above parameters are varied (Figures 9, 10).

When kc is varied from .1 to .4 J/msK t r varies from 10 to 3 minutes. Over

Py
the same range of values for kw’ tpyr varies from 6 to 5.2 minutes,
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Heat Capacities (Cpc, pr)

The heat capacity of the unpyrolyzed solid, pr’ has a greater influence on

the rate of pyrolysis than the corresponding property for the resultant char, Cpc

. The comparison is most directly illustrated in Figures 11 and 12.

Stoichiometric Coefficient (b)

When the stoichiometric coefficient of the gaseous product in the reaction
wood = b gas + ¢ char

is varied over a wide range, there is virtually no change in the time required
for pyrolysis (see Figure 13). It appears that the changing density of the char
//% =‘/L(l-b) counteracts the effect of the convective term in the energy balance.

Heat of Pyrolysis ( H)

As illustrated in Figure 14, when the endothermic heat of primary pyrolysis
varied from 184.1 to 736.4 J/g, the pyrolysis time increased from 4.2 to 8.4

minutes.

Summary

The results of any simulation using the phase-change model of pyrolysis are
most significantly affected by the values of pyrolysis temperature, char thermal

conductivity, and heat of pyrolysis.
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SINGLE PARTICLE SIMULATIONS

Up to the present time we have dinvestigated only the case of a boundary
condition of the first kind, in which the surface temperature is specified. The
more useful case of a convective boundary condition {B.C. of 3rd kind) is
currently under study. The choice to study the former problem was made on the
basis of available experimental data. Investigators performing pyrolysis
experiments on single particles usually measure and report surface temperature.

In one experiment (Kanury, 1966) a cylindrical specimen 1.75 cm in radius of
pressed X-cellulose was placed in an externally-heated, rotating copper tube.
Temperature profiles were recorded by thermocouples embedded at various radii.
Measured surface and centerline temperatures are plotted in Figure 15. Using the
parameters listed in Table 3 and the measured surface temperature as a boundary
condition, the centerline temperature was calculated using the phase-change
model. The calculated profile is also plotted in Figure 15.

The experimental profile displays plateaus at 120°C and 380°C corresponding
to drying and pyrolysis temperatures. The calculated profile cannot reproduce the
drying plateau because no phase change corresponding to drying was incorporated
in the model. The plateau corresponding to pyrolysis however, was clearly
observed. The measured surface temperature after complete pyrolysis was erratic
because the thermocouple at the surface was not tightly bonded to the char.

In a second experiment (Roberts and Clough, 1963) the weight loss history of
a2 1 cm (radius) beech cylinder was recorded during pyrolysis in a nitrogen
atmosphere. Using the parameters in Table 4 and the measured surface temperature,
the weight vs. time curve was calculated. The results are shown in Figure 16. The
heating rate of the oven used in the experiment was 20°C/min. Since the mode)

predicts no weight loss until the surface temperature reaches the assumed
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Table 3

Parameters and Properties Used to Simulate Kannry's Experiment

605 (kg/M%)

>

3
= (1-b) W (Kg/M~}

P

k, = 0.14 (Joule/M-Sec-K)

k. = 0.06 (Joule/M-Sec-K}
Coe = 991.6 (Joule/Kg-K)
pr = 1318.0 (Joule/Kg-K}
Cpg = 1200 (Joule/Kg-K)

b = 0.80

H = 100000 (Joule/Kg)

T = 382 c

T, = 35 C
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Table 4

Representative Values of Parameters and Properties Used in
Model Calculation for Beech Cylinder

pe-
Pe

w

e
n

(g}
1

(g}
t

o
1]

>
x
"

—
"

—
n

600.0
(-b)
0.14
0.04

1318.0

= 991.6

= 1200.0

0.61

100000

290

25

375

(kg/M3)

(kg/M3)
{Joule/M-Sec-K)
(Joule/M-Sec-K)
{Joule/M-Sec-K)
(Joule/Kg-K)

(Joule/Kg-K)

(Joule/Kg)
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pyrolysis temperature, it cannot reproduce that portion of the measured curve

corresponding to low temperature pyrolysis.
PYROLYSIS ZONE OF A PACKED-BED GASIFIER

In order to simulate the pyrolysis zone of a packed-bed gasifier, the
reactor was treated conceptually as two ideal reactors: one, a char combustor/
gasifier and the second, a feed pyrolyzer. The gas temperature and flowrate
exiting the gasification zone were used as input parameters for the pyrolysis
simulation, The other boundary conditions were the offgas and feed temperatures.

The pyrolysis reaction is
Feed ——y Char + 0il + H20 + Gas

The reaction is driven by the sensible heat in the char-derived gases from the
combustion zone. The char-derived gas is considered inert and the offgas
composition is obtained by simply mixing the char-derived gas flow with the
volatile products of the pyrolysis reaction. The temperature of the gas, which is
assumed to be the same as the surface temperature of the solid pellets, is used
as the boundary condition of the kinetics-free model. We also assume that the
pyrolysis portion of the reactor is characterized by plug flow, with no important
radial gradients of mass or temperature.
Material balances were taken over the gas and solid phases.
ng/dZ = Rg dGS/dZ = R

The energy balance was taken as

d
—(G T) = + R
dZ( gcpg g) Q2 s B
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The generation terms are the flux (Qsa) into the pellets and R, AH,, the

exothermic heat of reaction of the volatiles, both based on unit volume of
reactor. 25H2 is the difference between the exothermic heat of the overall
pryolysis reaction and the endothermic heat of the primary pyrolysis step used in
the phase change model.

A Runge Kutta method was used to integrate the system of equations. An axial
temperature profile for the bed was assumed, This profile was used in the phase
change mode! to calculate the reaction rate and heat flux as a function of time.
The velocity of the solid phase was constant {no particle shrinkage) so time was
proportional to distance along the bed. The bed temperature was calculated and
the process repeated until the boundary conditions were satisfied.

For the conditions listed in Table 5, the calculated profile illustrated in

Figure 17 was obtained.
FUTURE WORK

A convective boundary condition (B.C. of 3rd kind) using effective heat
transfer coefficients will be investigated. The heat transfer correlations for
particles in packed beds will be modified to account for the escape of volatiles
from the surface of the char. Single particle experiments are being planned in
which the convective environment (gas temperature and velocity) of the sample
will be controlled. Gas temperatures can be measured more easily than solid sur-
face temperatures. In addition, packed-bed experiments with thermocouple-studded

samples are planned.
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Table 6

Operating Conditions for the Test Run on the Biomass Gasifier

Wood Pellett
Feed Rate 15.8
(Xg/Hour)

Air
Feed Rate 9.678
(Kg/Hour)

Steam
Feed Rate 1.941
(Kg/Hour)

Parameters of Char and Wood Pellets Used to Simulate
the Test Run of the Biomass Gasifier

f, = 12300 kg/w?
Pe = pL1D) Kg/M3
pr = 1318.0 Joule/Kg
Cpc = 991.6 Joule/Kg
k, = 0.03 Joule/M-Sec~K
ko = 0.005 Joule/M-Sec-K
L 0.003175 m
Tp = 300.0 C
T_i = 25.0 C
b =0.8
A H = 62760 Joule/Kg of wood

AH, = -368200 Joule/Kg of wood
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Nomenclature

ot Thermal diffusivity
b Stoichiometric coefficient of char in the pyrolysis reaction
B Dimensionless parameter arising from the convective term in the char
layer
cp Heat capacity
Distance of pyrolyzing front from nearest grid point in the char layer
k Thermal conductivity
M Index of grid point in the char layer nearest the pyrolyzing front
N Number of grid points
Density
r Radial position (r = 0 at center)
o Cylinder radius at surface
R Dimensionless radial distance (R = 0 at surface, R = 1 at center)
T Temperature
Dimensionless time
u,v Dimensionless temperature
ug Velocity of exiting volatiles
Subscripts:
w Wood layer, virgin solid
c Char layer
p Pyrolysis
S Surface
<] Gas
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